Biallelic PMS2 mutations are responsible for more than half of all cases of constitutional mismatch repair deficiency (CMMRD), a recessively inherited childhood cancer predisposition syndrome. The mismatch repair gene PMS2 is partly embedded within one copy of an inverted 100-kb low-copy repeat (LCR) on 7p22.1. In an individual with CMMRD syndrome, PMS2 was found to be homozygously inactivated by a complex chromosomal rearrangement, which separates the 5′-part from the 3′-part of the gene. The rearrangement involves sequences of the inverted 100-kb LCR and a human endogenous retrovirus element and may be associated with an inversion that is indistinguishable from the known inversion polymorphism affecting the~0.7-Mb sequence intervening the LCR. Its formation is best explained by a replication-based mechanism (RBM) such as fork stalling and template switching/microhomology-mediated break-induced replication (FoSTeS/MMBIR). This finding supports the hypothesis that the inverted LCR can not only facilitate the formation of the non-allelic homologous recombination-mediated inversion polymorphism but it also promotes the occurrence of more complex rearrangements that can be associated with a large inversion, as well, but are mediated by a RBM. This further suggests that among the inversion polymorphism on 7p22.1, more complex rearrangements might be hidden. Furthermore, as the locus is embedded in a common fragile site (CFS) region, this rearrangement also supports the recently raised hypothesis that CFS sequence motifs may facilitate replication-based rearrangement mechanisms.
INTRODUCTION
Constitutional mismatch repair deficiency (CMMRD) syndrome (MIM #276300) is an autosomal recessively inherited childhood cancer susceptibility syndrome caused by biallelic, that is, homozygous or compound heterozygous, germline mutations in one of the four DNA mismatch repair (MMR) genes, that is, MLH1 (MIM *120436), MSH2 (MIM *609309), MSH6 (MIM *600678) and PMS2 (MIM *600259). 1 Individuals with CMMRD syndrome are at high risk to develop a diverse spectrum of malignancies already in childhood and adolescence. 2 The spectrum mainly includes (i) T-cell non-Hodgkin's lymphoma and other haematological malignancies, (ii) high-grade gliomas and other brain/central nervous system tumours and (iii) colorectal and other cancers associated with Lynch syndrome (MIM #120435). In addition, a variety of other malignancies can also be CMMRD syndrome associated. Alterations of skin pigmentation, in particular multiple café-au-lait macules (CALM) reminiscent of neurofibromatosis type 1 (NF1), are frequently found in individuals with CMMRD syndrome. Besides pigmentation alterations, a set of other (non-)neoplastic features serve as diagnostic criteria for the suspected diagnosis of CMMRD in paediatric cancer patients according to a three-point scoring system developed by the European consortium 'care for CMMRD' (C4CMMRD). 3 Approximately 60% of the so far reported individuals with CMMRD syndrome carry biallelic PMS2 germline mutations. This MMR gene is embedded within a complex genomic locus on chromosome 7 (band p22.1). The 3′-region of PMS2 (exons [9] [10] [11] [12] [13] [14] [15] is located in the telomeric copy of a 100-kb low-copy repeat (LCR) element (according to GRCh37; hg19), which is duplicated in inverse orientation. The centromeric copy of this LCR contains PMS2CL (according to GRCh37; hg19), a transcribed but non-functional PMS2 pseudogene (Supplementary Figure S1A) . 4 As regions containing LCRs are prone to recombination events, non-allelic homologous recombination (NAHR) between the LCR resolved through cross-over or gene conversion is believed to be the underlying cause of considerable sequence homogenisation particularly in a large central part of the duplicon. In this region, the two copies of the LCR cannot be distinguished from each other on the basis of the human genome reference sequence (GRCh37; hg19). 5 Recombination-based sequence exchanges also affected the paralogs PMS2 and PMS2CL, situated at the inner ends of the LCR, which led to mainly functional hybrid PMS2 alleles that contain PMS2CL-derived sequences (as defined by NCBI RefSeq NC_000007.13), as well as hybrid PMS2CL alleles, with sequences derived from PMS2 (according to NCBI RefSeq NM_000535.5). [5] [6] [7] The high prevalence of these hybrid alleles complicates mutation analysis, because in the region of frequent sequence exchange, that is, downstream of PMS2 exon 12, gene and pseudogene cannot be reliably distinguished on the basis of sequence differences with respect to their NCBI RefSeqs. Recombination-based sequence exchanges between the paralogs are thought to be a still ongoing mechanism, which is also responsible for the generation of deleterious PMS2 alleles. 8, 9 Furthermore, a known inversion polymorphism of~0.7 Mb (Supplementary Figure S1B) is thought to result from intrachromosomal NAHR with cross-over between the two copies of the LCR. 10, 11 A close proximity of the LCRs in the three dimensional space, which is a prerequisite for recombination to take place, might also bring replication forks together 12 and thereby facilitate template switching events that may create other chromosomal rearrangements. Indeed, LCRs not only mediate recombination, but the nearby presence of LCRs is also one of the hallmarks of rearrangements thought to result from RBM such as fork stalling and template switching (FoSTeS) or microhomology-mediated break-induced replication (MMBIR). 13, 14 According to the FoSTeS/MMBIR model, the active replication fork can stall during DNA replication and switch templates using complementary template microhomology to anneal and re-prime DNA replication. [13] [14] [15] [16] [17] [18] Typically, the result is a deletion, if the invaded fork is located downstream (forward invasion), whereas switching to a fork located upstream (backward invasion) usually leads to a duplication. Depending on whether the lagging or leading strand in the new fork was used as replication template, the erroneously incorporated fragment would be in direct or inverted orientation with respect to its source locus. 19 The FoSTeS/MMBIR model is highly apt to explain complex rearrangements with (multiple) deletions, duplications and inversions by postulating multiple template-switching events. 18, 20, 21 Up to now, complex PMS2 alterations thought to result from RBM have not been described, but analysis of rearrangements in other genes has shown that RBMs are probably still under-recognised as molecular mechanism underlying (mainly complex) genomic, genic and exonic rearrangements. 18, 22 Here, we describe a chromosomal rearrangement inactivating the PMS2 gene in an individual with CMMRD syndrome. Thorough characterisation of this complex rearrangement involving sequences of the inverted 100-kb LCR and a human endogenous retrovirus (HERV) element on 7p22.1 renders strong evidence that it results from a RBM.
SUBJECTS AND METHODS Subjects
The index patient is a 5-year-old male. He is the third child of second-degree cousins of North-African ancestry (Figure 1, V3 ). All family members or their legal guardians who participated in this study gave written informed consent for genetic testing.
PMS2 genetic analysis in the index patient
Sequencing of PMS2 RNA and genomic DNA. For direct cDNA sequencing of PMS2 according to the protocols developed in our laboratory, 23 RNA was isolated from a short-term culture of the patient's lymphocytes, which had been treated with puromycin before harvest to prevent nonsense-mediated decay (NMR) 24 and was reverse transcribed using the SuperScript III Reverse Transcriptase (Invitrogen, Vienna, Austria). Using the resulting cDNA, RT-PCR products containing PMS2 exons 1-11, exons 10-15, exons 11-15, exons 1-9 and exons 7-12 were amplified with primers listed in Supplementary Table S1 .
PMS2 exons 10 and 11 were amplified from genomic DNA with genespecific primers published by Hendriks et al 25 and van der Klift et al. 7 All sequencing reactions were performed with Big Dye Terminator chemistry V1.1 (Applied Biosystems, Vienna, Austria) using the Applied Biosystems 3130 Genetic Analyzer for analyses (Applied Biosystems). Before sequencing, PCR products were treated with ExoSAP-IT (GE Healthcare, Vienna, Austria), and sequences were analysed with the Sequence Pilot algorithm, Version 4.1.2 Build 512 (JSI Medical Systems, Kippenheim, Germany).
The PMS2 variant and associated phenotype was submitted to the LOVD database (http://databases.lovd.nl/shared/variants/0000097022; Variant ID: 0000097022). Variants are named according to HGVS nomenclature using the reference transcript sequence NM_000535.5 for PMS2, NM_198097.3 for CCZ1B and NM_015622.5 for CCZ1 with the A of the start codon ATG being at position c.1. Exon numbering refers to NG_008466.1 for PMS2 and NC_000007.14 for CCZ1B/CCZ1.
PMS2-MLPA
The PMS2-MLPA kit P008-B1 (MRC-Holland, Amsterdam, The Netherlands) was used according to the manufacturer's instructions. A total of 50-100 ng of gDNA was used per MLPA reaction. Each MLPA run included five appropriate reference DNA samples with an equal 2:2 distribution of PMS2 gene-and PMS2CL pseudogene-derived sequences in exon 13-15. 9 MLPA results were analysed with the Sequence Pilot algorithm, Version 4.1.2 Build 512 (JSI Medical Systems). GenomeWalker experiment to identify the rearrangement's join point including the 3′-region of PMS2
For that purpose, 2.5 μg genomic DNA of the patient was blunt-end restriction digested using DraI and adaptors were ligated to the resulting DNA fragments. Nested PCR was performed with region-specific primers (GSP1 and GSP2), both located within the non-deleted sequence in PMS2 exon 11 (as confirmed by MLPA), and primers (AP1 and AP2), which hybridised to the ligated adaptors (primers are listed in Supplementary Table S2 ). Both PCRs were performed with the Advantage 2 PCR Kit (Clontech, Saint-Germain-en-Laye, France), according to the manufacturer's instructions.
3′-RACE PCR experiment to identify the rearrangement's join point including the 5′-region of PMS2
For this experiment, it was pivotal to use 1 μg total RNA of the patient that was isolated from a phytohaemagglutinin-stimulated short-term lymphocyte culture treated with puromycine before cell harvest to prevent NMD. 24 First strand cDNA synthesis was performed with the primer 3′-CDS according to the manufacturer's instructions (SMARTer RACE 5′/3′ kit, Clontech). The 3′-RACE PCR was then performed with the Expand LongTemplate PCR kit (Roche, Vienna, Austria) according to the manufacturer's instructions using the region-specific primer RACE1 located in PMS2 exon 8 and the UPM primer (Supplementary Table S3 ). The 3′-RACE PCR product was purified (DNA Clean&Concentrator Kit, Zymo Research, CA, USA) and cloned (In-Fusion HD Cloning Kit, Clontech) before sequence analysis.
Array analysis for genomic copy number profiling
The Affymetrix CytoScan HD array platform (Affymetrix, Santa Clara, CA, USA) was used for genomic copy number profiling according to the manufacturer's instructions. Probe allocation was based on the February 2009 human reference sequence (NCBI Build 37.1). Analysis was performed by the Helmholtz Centre, Munich.
RESULTS

Clinical evaluation
A somnolent 5-year-old male was referred to the Department of Pediatric Hematology/Oncology at Hannover Medical School with symptoms of high intracranial pressure due to a brain tumour. Cranial computed tomography and magnetic resonance imaging were consistent with multifocal glioblastoma multiforme with progressive cerebral oedema and brain herniation through the foramen magnum. The boy (Figure 1; V3) is one of the six children born to a consanguine healthy couple of North African ancestry (Figure 1 ; IV1 and IV2; second-degree cousins). With regard to the family history, the parents and referring physicians reported that the paternal grandmother (Figure 1 ; III2) was diagnosed with colorectal cancer at 50 years of age and two older siblings (Figure 1 ; V1 and V2) died from non-further specified lymphomas at 4 and 6 years of age, respectively. Moreover, it was reported that two maternal cousins of the patient (Figure 1 ; V7 and V8) also died due to a lymphoma and a brain tumour at 9 and 12 years of age, respectively. Clinical examination of the boy displayed multiple CALM, which were also reported for the siblings already deceased, but were not present in the parents and the 4-and 8-year-old healthy siblings (Figure 1 ; V5 and V6).
With the glioblastoma multiforme (2 points), ≥ 2 CALM (2 points), the colorectal carcinoma of the paternal grandmother at the age of 50 (1 point), two of four siblings deceased due to childhood malignancies, most probably non-Hodgkin's lymphomas (2 times at least 1 point) and consanguineous parents (1 point), this patient reached at least eight points of the scoring system according to which any childhood cancer patient reaching at least three points should be suspected to have CMMRD syndrome. 3 At the time the index patient was referred to the hospital, he was already in a terminal stage. In view of the palliative setting, the parents denied diagnostic biopsies. Therefore, no tissue was available for immunohistochemical staining, which usually directs mutation analysis to one of the four MMR genes.
PMS2 genetic analysis
Given that PMS2 is the most frequently affected MMR gene in CMMRD patients, we directly initiated PMS2 analysis starting with direct cDNA sequencing 26 and refined MLPA analysis. 9 Both primer pairs used to amplify the entire coding sequence of the PMS2 gene in two overlapping RT-PCR fragments (Supplementary Table S1 ) failed to generate a PCR product from cDNA of the patient (Supplementary Figure S2A) . MLPA analysis using SALSA MLPA kit P008 (MRC-Holland) showed amplification loss of the first, that is, the most 5′, of three MLPA probes hybridising to PMS2 exon 11 (probe-no.: 14452-L00900, ie, E11-P1 in Supplementary Figure S3A ). This MLPA result did not readily explain the failure to amplify cDNA with our standard primers. It was rather compatible with a homozygous deletion leading to loss of the 5′-region of PMS2 exon 11. The 3′-breakpoint of this suspected deletion would be located between the ligation site of the first and second MLPA probe in exon 11, which are only 77 nucleotides apart (E11-P1 and E11-P2 in Supplementary Figure S4A ). To uncover the underlying genetic cause of the amplification loss of the MLPA probe, the entire PMS2 exon 11 and flanking intronic sequences were PCR amplified from genomic DNA of the patient with three gene-specific primer pairs 7 (Supplementary  Table S4 ). Notably, the sequence flanked by the first primer pair includes the ligation site of the first MLPA probe in exon 11 and the forward primer of the second primer pair (PMS2_11bf) binds to the same position as this MLPA probe (Supplementary Figure S4A) . In agreement with the presence of a deletion including this MLPA probe binding site, these two primer pairs failed to generate a PCR product. The third primer pair readily amplified the 3′-region of exon 11 (Supplementary Figure S4A) . To further define the extent of the deletion, PCR was performed with a presumably deletion-spanning primer pair (Supplementary Table S5 ). The forward primer of this primer pair was located in exon 10, which is specific for the PMS2 gene, as it is absent in PMS2CL. According to the MLPA results (Supplementary Figure S3A) and a PCR product including this exon and flanking intronic regions (Supplementary Table S4 ; Supplementary Figure S4B) , exon 10 was present in two copies in the index patient. The reverse primer of the presumably deletionspanning primer pair was located 3′ of the ligation site of the second MLPA probe (E11-P2) in exon 11, which was also present in two copies in the patient. However, this primer pair consistently failed to amplify any PCR product from the patient's DNA (Supplementary Figure S4C) , whereas the wild-type fragment of~2.7 kb was readily amplified from a control DNA under all PCR conditions applied. Taking also into account that our RT-PCR experiments using primer pairs spanning the exon 10-11 transition failed to amplify PMS2 cDNA of the index patient, these results indicated a genomic rearrangement separating the 5'-part (exons 1-10) from the 3'-part (exons 11-15) of the gene. This assumption was further supported by RT-PCR experiments showing that the 5′-part of the gene (at least exons 1-9) were expressed, whereas no RT-PCR product could be generated with primers located in the 3′-part (exons 11-15) of the gene (Supplementary Figure S2B) . A normal chromosomal karyotype PMS2 inactivation by a complex rearrangement J Vogt et al in both parents, who were shown by MLPA analysis to be heterozygous carriers of the presumably alteration-associated deletion (Supplementary Figure S3B and C) , rendered a translocation, involving the PMS2 locus, as underlying chromosomal alteration unlikely. This assumption was further supported by a regular subtelomeric FISH result in the mother (ToTelVysion Multi-Color FISH Probe set). Thus, an inversion, which separates the 5 0 -part from the 3 0 -part of the gene, associated with a small deletion was the most likely rearrangement.
Characterisation of the genomic rearrangement inactivating PMS2
In order to characterize the breakpoints of the assumed inversion, we first performed a GenomeWalker experiment aimed to identify the unknown sequence transferred to the 3 0 -part (exons 11-15) of PMS2. For that purpose, two gene-specific primers (GSP1 and GSP2) located within the non-deleted sequence in PMS2 exon 11 (as confirmed by MLPA) were combined in a nested PCR with the adaptor-specific primers AP1 and AP2. Sequencing into the 1.3-kb PCR product amplified with the nested primers GSP2 and AP2 indicated the transition of PMS2 exon 11 into the sequence of a HERV element originally located~918 kb centromeric to the PMS2 gene (Supplementary Figure S5A) . The orientation of the joined PMS2 exon 11 and HERV element sequences were in agreement with an inversion and contained a 2-bp (AG) microhomology (JP1 sequence in Figure 2a ).
Under the assumption of a simple inversion, different primer pairs were designed to amplify across the second breakpoint involving the 5 0 -part (exons 1-10) of PMS2 and the centromeric region of this HERV element (Supplementary Figure S5B) . However, all primer pairs (Supplementary Table S6 ) consistently failed to amplify a breakpoint-spanning PCR product from the patient's DNA. Therefore, the suspicion of a more complex chromosomal rearrangement was raised. In order to solve this complexity, we aimed at amplifying, now, into the unknown sequence, starting from the 5 0 -part of PMS2. For this purpose, we decided to perform rapid amplification of 3′-cDNA ends (3′-RACE). This experiment revealed a fusion transcript with a transition from PMS2 exon 10 into a sequence derived from intron 14 of either the CCZ1B gene or its paralog CCZ1, which have nearly identical sequences in this region, and are located in the centromeric and telomeric copy of the 100-kb inverted LCR, respectively (according to GRCh37; hg19) (Supplementary Figure S1A) . Based on these results on RNA level, a primer pair was designed to span the breakpoint at gDNA level. The forward primer was located in PMS2 exon 10 and the reverse primer in the sequence of CCZ1B (or CCZ1) intron 14 that was present in the fusion transcript (Supplementary Table S7 ). Sequence analysis of the resulting PCR product showed that the breakpoint in PMS2 intron 10 is located at position c.1145-1 (ch7. hg19: g.6,027,252) and in CCZ1B intron 14 at position c.1393+595 (ch7.hg19: g.6,839,984) or CCZ1 intron 14 at position c.1393+597 (ch7.hg19: g. 5, 964, 190) . Again, the sequences were joined in an orientation indicating an inversion (according to the reference genome GRCh37; hg19). The join point of PMS2 intron 10 and CCZ1B (or CCZ1) intron 14 contained no microhomology but a singlenucleotide change (SNC) in the join point flanking region (see turquoise letter in black box in the JP2 sequence, Figure 2a) . In contrast to SNPs (see green letter in JP2 sequence), SNCs are nucleotides that differ from the reference sequence of the human genome (hg19), but do not represent polymorphisms, as they are not listed in dbSNP. They are reported to be the result of error prone (repair) mechanisms.
Looking at each of the, here, characterised join points for itself, they could be mediated by non-replicative as well as RBM. Nonhomologous end joining (NHEJ) is a repair mechanism, which is frequently associated with short microhomologies at the join points although not dependent upon it. Hence, NHEJ would be compatible with the 2-bp microhomology, which we observed in the JP1 sequence. Equally, the SNC observed at the second join point (JP2) could be the result of error prone NHEJ. However, microhomologies have also been observed at the breakpoints of genomic rearrangements mediated by a RBM such as FoSTeS or MMBIR 14, 21, 27, 28 and the SNC could be the result of low-fidelity DNA polymerases or a replisome with reduced fidelity used in RBM. 27 Taking also into account (i) that the sequences involved in the two identified join points suggested the presence of an inversion and (ii) that the MLPA results indicated a small deletion including the 5′-region of PMS2 exon 11, we expected a rather complex rearrangement. In comparison to NHEJ, which is a mechanism that explains primarily simple deletions with breakpoints in non-homologous sequences, RBM is more apt to explain complex rearrangements. Hence, assuming a FoSTeS/MMBIR mechanism and taking only the two identified join points for template switches into account, we envisioned three possible rearrangements (see the 'Discussion' section), which all included in addition to the observed features of the rearrangement a duplication of the region between CCZ1B (CCZ1) and the HERV element (ch7.hg19: g.6,839,984-6,945,161). This expected~105-kb duplication was indeed confirmed by genome wide array analysis (Affymetrix CytoScan HD array platform; Supplementary Figure S6 ).
DISCUSSION
Taken together we have identified several components of a complex rearrangement affecting PMS2. The most parsimonious explanation for the occurrence of this complex rearrangement is a RBM.
Three possible chromosomal rearrangements resulting from the two characterised template switches can be envisioned (Figure 2,  Supplementary Figures S7 and S8) . The possible rearrangements shown in Figure 2 and Supplementary Figure S7 occurred both on a source allele that corresponds to the reference sequence GRCh37 (hg19) with respect to the orientation of the sequence intervening the 100-kb LCR and the location of PMS2 in the telomeric copy of the inverted duplicon (Supplementary Figure S1A) . For the rearrangement shown in Figure 2b , we propose a first fork stalling with a longdistance template switch from PMS2 exon 11 (ch7.hg19: g.6,027,029) to the HERV element located~918 kb centromeric to PMS2 (ch7. hg19: g.6,945,161), subsequent replication in reverse orientation resulting in the inversion of almost the entire intervening sequence, then a second fork stalling with long-distance (~812 kb) template switch from PMS2 intron 10 (ch7.hg19: g.6,027,252) to the centromeric copy of the inverted 100-kb duplicon (CCZ1B intron 14; ch7.hg19: g.6,839,984). Resumption of the replication there resulted in a duplication of~105 kb (ch7.hg19: g.6,839,984-6,945,161; red box in Figure 2c ). This possible chromosomal rearrangement is deposited according to the HGVS nomenclature as ch7.hg19: g. [6027030_6027251del; 6027252_6945161inv; 6839984_6945161dup] in the LOVD/shared database. Of note, the rearranged allele shown in Figure 2c leads to an inversion of the entire sequence replicated between the first and the second template switch. This inversion resembles the known inversion polymorphism which affects thẽ 0.7-Mb sequence between the LCR (see Supplementary Figure S1B ). The hybridisation probes used to characterize the inversion polymorphism by FISH analysis 10, 11 would not be able to distinguish between the inversion of the, here, described complex rearrangement and an inversion of only the~0.7-Mb sequence intervening the LCR on 7p22.1. Therefore, our data allow for the speculation that also other complex rearrangements could be concealed behind genomic inversions on 7p22.1. Moreover, our findings indicate that inversions on chromosome 7p22.1, which are thought to mainly origin from NAHR with cross-over between the highly homologous (499%) LCRs, may also result from RBM.
A different rearrangement is generated from the same source allele if the two FoSTeS events occurred in inverse consecution: first switch from PMS2 intron 10 to CCZ1B intron 14, followed by replication until a second template switch from the HERV element to PMS2 exon 11 (Supplementary Figure S7) . This rearrangement is not associated with an inversion of the~0.7-Mb sequence intervening the LCR. The third possible rearrangement that can be envisioned (Supplementary Figure S8) would be created if the source allele would already harbour the described inversion polymorphism on 7p22.1 with the PMS2 and CCZ1 gene at the centromeric and the PMS2CL pseudogene, as well as the CCZ1B gene at the telomeric LCR and an inversion of thẽ 0.7-Mb sequence intervening the duplicons. In this case, FISH analysis would detect the ('pre-existing') inversion polymorphism.
The three, here, described possible rearrangements are the most parsimonious ones resulting from only two FoSTeS events and all three are compatible with the observed net result of deleted and duplicated sequences. The deletion in PMS2 exon 11 (ch7.hg19: g. 6,027,030_6,027,251del; c.1145_1367del) initially detected by MLPA results from the 222 bp of non-replicated sequence between the two FoSTeS events in PMS2. The position and orientation of the~105-kb (ch7.hg19: g.6,839,984-6,945,161) duplication within the complex chromosomal rearrangement would be different in the three possible rearrangements (see the region highlighted by a red box in Figure 2c , Supplementary Figures S7B and S8B ). Due to the large inverted regions (several hundred kb) and the high-sequence homology between the LCRs, it is not possible to further distinguish between the three postulated rearrangements and hence, define exactly which rearrangement is present in the index patient.
Of note, each of the here characterised FoSTeS/MMBIR events involved at least one sequence located within one of the two copies of the inverted 100-kb LCR showing 499% sequence homology. Hence, our findings might indicate that the particular chromosomal structure of the PMS2 locus predisposes this region not only to recombination events but also rearrangements resulting from RBM. LCR-mediated recombination implies that the LCRs, although separated by~0.7 Mb, might be in close proximity in the three dimensional space. This close spatial proximity might also bring replication forks together, 12 thereby facilitating the template switching that occurs in RBM. In line with this, the nearby presence of complex LCRs was initially reported to be one of the hallmarks of FoSTeS/MMBIR. 13, 14 In addition, the chromosomal band 7p22.1 overlaps with a so-called common fragile site (CFS) termed FRA7B. 29 CFS are seen in all individuals and, therefore, are a normal component of chromosome structure. Cytogenetic analyses originally identified at least 76 CFS which vary in size from 0.7-24.8 Mb. 30, 31 CFS display a number of characteristics of unstable and highly recombinogenic DNA and are reported to break under replication stress. 32 Among other reasons, DNA secondary structures [33] [34] [35] and replication/transcription interference may impede replication fork progression directly. 36, 37 Of note, one of the breakpoints in the, here, described rearrangement was located at the PMS2 intron 10 to exon 11 boundary. Given that transcription and splicing is tightly associated, this might render evidence that such interference could be at play. Furthermore, paucity of replication origins might force travelling forks to collapse. 38 The stalled replication forks in turn result in unreplicated DNA, 39 which may then evolve to DNA breaks-one of the main source of rearrangements. 38 Re-initiation of replication from a stalled or collapsed fork is thought to usually involve homologous recombination. 40 However, also FoSTeS/MMBIR was hypothesised to be a possible mechanism underlying the rearrangements at CFS, 41 as FoSTeS events have the tendency to occur in regions, in which complex genomic architecture is thought to hamper replication fork progression. This was shown, for example, in a disease-causing complex rearrangement within the DMD gene. 41 In support of this notion, we here describe another example of a complex chromosomal rearrangement mediated by FoSTeS/MMBIR at a CFS.
CONCLUSION
The here uncovered complex chromosomal rearrangement represents a novel mutational mechanism in the spectrum of PMS2 mutations. Two features of this rearrangement disrupting the PMS2 gene facilitated its identification. First, the rearrangement-associated deletion included exonic sequences that were readily detected to be deleted by MLPA analysis. Second, the rearrangement was homozygously present in a CMMRD patient. The latter was a prerequisite to easily notice the lack of transcripts containing the 3′-region of the PMS2 gene (exons 11-15) by direct cDNA sequencing. The fact that the results of MLPA analysis suggesting a simple intragenic deletion could not readily explain the results of direct cDNA sequencing prompted us to further characterize the underlying genetic alteration. It is well conceivable that Lynch and CMMRD syndrome patients with so far unidentified PMS2 mutations carry inversion-associated or other complex rearrangements that escape gDNA-based mutation analysis protocols. This was shown, for example, by the identification of an SVA insertion in PMS2 intron 7, which was resolved only by RNAbased mutation analysis. 42 Of note, gross deletions affecting one or more exons of the PMS2 gene represent 17-33% of the diseasecausing PMS2 mutations found in Lynch or CMMRD syndrome patients. 9 The mutation database HGMD Professional (Spring 2015.4 release) lists 201 different disease-causing PMS2 mutations of which 65 (32%) are gross intragenic deletions. So far, only 10 of these have been characterised at molecular level. 7, 9, 43, 44 Analyses of the breakpoints of these deletions show that all of them involve Alu elements suggesting that they were mainly generated by NAHR (Supplementary Table S8) . Still, as a recent study on the genetic mechanisms responsible for intragenic gross deletions inactivating the NF1 gene suggests that FoSTeS/MMBIR is an underestimated cause of this type of gene alterations, 22 it may be worthwhile to test whether also RBM may have a role for the high frequency of non-recurrent (intragenic) deletions affecting the PMS2 gene.
